The current review reveals the analysis of recent research in the field of synthesis and characterization of cryogels. The theoretical aspects of the process of cryotropic gelation are considered. The influence of freezing temperature and concentrations of initial monomer mixture on the pore size of the material is discussed. The concept of process of cryotropic gelation is revealed. The potential need for further research in the field of cryotropic gelation is highlighted.
Introduction
Hydrogels are defined as a cross-linked threedimensional polymeric networks, insoluble in water and hydrophilic media. Hydrogels exhibit the unique ability to absorb large amounts of water or other biological liquids [12] . Hydrogels attracted a great interest of researchers and significant progress was achieved both in their synthesis and applications biomedical, biotechnological and pharmaceutical areas. Polymeric hydrogels can be used as water supersorbent materials [7] , contact lenses [7] , wound dressings [14 , 35] , drug delivery [31, 21, 36, 37] .
Stimuli-responsive nano-and microporous gels may be applied as drug delivery systems, biological sensors and materials for separation and purification of cells, organelles and proteins. Amphoteric microgels attracted a great interest due to their ability to a reversible phase transitions upon changing external conditions (e.g. pH, temperature and ionic strength of solution). Amphoteric microgels contain acidic and basic functional groups, which provide macromolecules positive and negative charges, as well as a isoelectric point. Depending on pH of the solution amphoteric gels may exhibit polyelectrolyte properties. For example, a recent study showed the possibility of polyelectrolite complex formation under cryo-conditions, which resulted in macroporous amphoteric hydrogels [14 , 25] . For polyelectrolytes these interactions occur simultaneously and compete against each other. The response of amphoteric nano-and microgels to the changes in external environment typically takes place within seconds.
Most studies were so far focused on the application of amphoteric nano-and microgels as stimuli-responsive systems [22 , 29 , 32, 38-46] . In most cases, the properties of these amphoteric particles can be changed under an external stimuli, which finally reflects on the size, structure and nature of interactions. The volume phase transitions occur in polymer gels as a result of many factors such as competing interactions, elasticity of polymer chains, osmotic pressure, H-bonding, hydrophobic and van der Waals interactions [2 , 25 , 26] .
Among polymer hydrogels macro-and super-porous polymeric cryogels attracted a particular interest. These hydrogels are widely used in biotechnology [18] and regenerative medicine as
• effective carriers of immobilized enzymes and live cells; [5 , 13 , 19 , 35] .
• matrices of immunosorbents and affinity sorbents for use with biological nano-and microparticles; macroporous scaffold for various metal nanoparticles [9] .
• substrates for cultivation of animal cells;
• special matrices composed of mainly whole bacterial cells [1 , 15] .
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Macroporous structure of cryogels provides unhindered diffusion of substrates to the immobilized active principles and the withdrawal of products, when cryogels used as a carrier of immobilized biocatalysts. Supermacroporous spongy cryogel structure can be effectively used for chromatographic separation and purification of biological macromolecules and live cells [8 , 10 , 20 , 23] .
Polymeric cryogels as an object of research
Cryogel is a macroporous hydrogel in which ice crystals were used as a porogen during gelation process. The last two decades revealed a growing interest towards polymeric cryogels as an object of fundamental research and as a promising material for application in various areas (Fig. 1) .
The areas of application of macro-porous materials is continuously expanding. New cryogenic technologies have been developed for food industry. Filters, sorbents [4] , mechanochemical gel actuators, leather-like materials [33] , catalytic systems are currently being developed [9] . Macroporous polymeric materials are commonly used in biotechnology and biomedicine [13, 24] . There are many different approaches for macroporous materials preparation such as lyophilization, cavitation, microemulsion polymerization, gas bubbling, and phase separation [11] .
Polymeric cryogels are macroporous heterophase systems in which formation of pores occurs through a crystallization of a solvent. The specific feature of cryogels is their macroporous structure. The growth of each ice crystal is continuing until close contact with other growing crystals where all solutes are expelling into a non-frozen liquid microphase. Thus, the radical polymerization or cross-linking of polymers (natural, synthetic, bio molecules etc.) is taking place in a liquid microphase. After reaction occurred the thawing of the system leads to melting of ice crystals where the polymer network remains unaffected, which repeats the geometrical form of ice crystals, therefore the material has interconnected pores structure [5 , 16 , 18 , 28] .
It worth to note that cryogels can also be prepared from low molecular weight compound without the use of any cross-linking agents or macromolecules and even without formation of chemical bonds.
Specific features of cryogelation process at subzero temperatures
Effects which are used in the synthesis of organic materials in aqueous solutions were named cryostructuring and cryogelation. These materials were named «cryogels» (from Greek κριοσ (cryo) -ice) [5, 16, 18 , 28, 47] . Some of the first reports of using the cryo-structuring phenomena for the preparation of supermacroporous hydrogels were published by the group of Lozinsky in the 1980s [28] .
Thus, cryogelation is the formation of polymers, proteins or composites at temperatures below the freezing point of a solvent [19, 23] . It starts from freezing of an initial reaction mixture, by keeping it frozen for certain period of time to allow for the pore formation with a precursor cryo-concentrated in residual liquid microlayers, influenced by microcrystallites of frozen bulk solvent, with physical or chemical cross-linking of the compounds forming macropore walls and following thawing at room temperature.
By varying the characteristics of the polymers used for cryogel synthesis (molecular weight, molecular weight distribution, polymer concentration in the system, solvent composition etc.), as well as processing conditions of cryogelation (temperature, freezing time, freezing rate, number of thawing cycles etc.) it is possible to regulate a wide range of physicochemical parameters, micro-and macrostructure of the final gels [16] .
Some special effects are observed when the freezing of the reaction mixture occurs under parameters far out of balance, for instance, dependence of cooling rate of the sample on polymerization rate; reaction vessel geometry and the chemical nature of reaction vessel walls; holding time in a frozen state; the amount of water in the reaction mixture and many other factors [5 , 12] .
From a thermodynamical point of view, the cause of formation of liquid microphase in a multicomponent frozen solutions is that the incorporation of the solutes into a solid lattice of the solvent requires more energy than is expended to raise the chemical potential with increasing concentrations of the components in the liquid microphase [16] .
Typically, when the freezing rate is high, then fine polycrystals of freezable liquid are formed. The size of ice crystals for aqueous solution of polyvinyl alcohol (PVA) (7%) frozen at -10 0 С is several times lower than that for 14% solution of PVA-and last one by 1-2 orders lower than the ice crystals obtained from pure water [5, 48] .
From practical point of view of characterization of cryogels there are some important characteristics such as specific surface area(S), pore volume (Vp), pore size distributions (PSD), pore wall thickness distribution (PWTD), pore connectivity and tortuosity. Typically, cryogels are micro/macroporous materials (average pore diameter in the range of 1<d<300 μm) with pore walls of several micrometers in thickness. According to the life sciences classification, pore sizes at diameter d nano <0.1 μm, 0.1<d micro <100 μm, and d macro >100 μm correspond to nano-, micro-, and macropores, respectively [12] . The formation of cryogels with internal nanoporosity is a complicated task. Recently, the possibility of cryogel formation with additional internal nanoporosity in the pore walls was shown [14] . Ozmen et. all showed the dependence of microporosity of polyacrylamide cryogel from temperature and composition of solvent mixture [17] .
There are some difficulties in quantitative characterization of the native texture of cryogels because of their softness and highly hydrated structure. Therefore, in most published studies the structural and textural characteristics of cryogels were carried out only on a qualitative or semi-quantitative level [14, 17, 25, 49] . Representative examples of these characteristics are the microscopic images of dried or freezedried cryogels without determination of the above mentioned parameters (Vp, S, PSD, and PWTD) or with an estimation of average pore size and porosity [3] . However, in some studies, PSD and other textural characteristics were determined in detail by using mercury porosimetry and image analysis [4, 27, 50] . Currently our group is working under development and investigation of amphoteric cryogels composed of various compositions of dimethylaminoetylmethacrylate (DMAEMA) and methacrylic acid. As shown in Figure 2 the pore size of the cryogel can be roughly estimated by the use of Image J program. Cryogels DMAEMA-MAA characterized by well distributed microporosity with mean diameter of pores 75 µm (with 2,5% MBAA as a crosslinking agent) and 44.7 µm (with 2,5% MBAA as a crosslinking agent).
Using high magnification SEM image of the cryogel one can graphically estimate average thickness of walls.
The variation of the freezing temperature during cryopolymerization process allows to regulate the morphology of macroporous materials. This approach was used to obtain cryogels based on the socalled «stimuli-responsive» or «sensitive» polymers macroporous hydrogels [23] . These cryogels have the ability of a reversible collapse at change of parameters of the environment, are considered as promising materials for biomedical and biotechnological applications.
Thermosensitive cryogels, where a chain conformation of an appropriate linear polymer is reversibly changing when passing through the upper or lower critical solution temperature (LCST or UCST), capable of significant thermo-induced reversible changes in the degree of swelling. These systems include cryogels based on pNIPAAm or poly-N-vinylcaprolactam [5] .
Thus, pNIPAAm cryogels rapidly and reversibly react to minor changes in the environment can be called «smart» cryogels [30 , 34] . It is known that under heat treatment of aqueous solution of pNIPAAm the hydrophobic aggregation is taking place at 32 0 C, which leads to phase separation in the system [26] . The degree of swelling of pNIPAAm cryogel determined at sub-zero temperatures was much smaller than that for the pNIPAAm hydrogel synthesized at 22 0 C [5] . This phenomenon can be explained by the swelling of pNIPAAm cryogel depending on concentration of monomers in the initial monomer mixture and the degree of cross-linking. The study of cryogel containing pNIPAAm at temperature range from 4 to 40 0 C revealed a sharp rapid phase transition at 30 0 C. As shown in Figure 3 , the thermosensitivity of pNIPAAm cryogel is a reversible process, where a rapid response of the gel to change of temperature takes place in oscillatory regime at 19 0 C and 37 0 C. The lower the concentration of monomers and the degree of crosslinking in pNIPAAm cryogel, the greater the changes in swelling and the greater the amplitude of the mechanical deformation occurring at temperature change from 19 0 C to 37 0 C [5] .
The temperature and the rate of freezing
One of the most important parameters which controls the cryogelation process is the rate of freezing [28] . The pore size of cryogels depended on the rate of freezing in the following way: a low rate of freezing (or a higher temperature) the larger crystals of ice and therefore the larger pores in cryogels [28] . In order to avoid the surfusion the freezing temperature of reaction mixture should be sufficiently low, but not lower than the temperature of transition to glass state. The surfusion (or supercooling) is the process where the temperature passes the freezing point without formation of crystals of ice. This is the metastable state of water. The temperature of the formation of ice (or other solution) crystals related to the rate of freezing, volume of sample, nuclei forming agents. Variation of temperature during the freezing process allows to discern phase and structural changes in the system. Figure 5 shows the freezing curves of monomer mixture (acrylamide (AAm), methylene-bis-acrylamide (BisAAm), allylglycidyl ether) at temperatures -12, -20, -30 0 С, respectively, where a phase states of the systems are well discerned. It is known that during the freezing of the reaction mixture at -12 °C the system exists in supercooled state, the following crys- tallization process brings about the simultaneous abrupt rise of the temperature up to -11°C, indicating the crystallization of the solvent. After the reaction the mixture was transferred into cryostat with lower temperature the critical mass of nuclei of crystals formation reaches the limit within 2.6 minutes. The formation of nuclei of the crystals begins at -2.5°C. Cryoconcentration of solutes was reached through the freezing-out process of water from the solution.
The increase in the viscosity of the unfrozen liquid phase slowed further crystallization, which completes in 8 minutes. The freezing of solutions at -20 0 С or -30 0 С in most cases completes with crystallization of solvent without the supercooling state. On the thermogram recorded at -30 0 С a small peak appeared at 3.3 minutes related to the temperature -20 0 C which is lower than the eutectic point for water/acrylamide system). This indicates the complete crystallization of liquid microphase, which exists in nonfrozen state at high temperatures [25] .
Influence of concentration and composition of the initial monomer mixture
The increase in the concentration of monomers in the reaction mixture leads to an increase of polymer concentration in the non frozen phase, therefore formed pore walls have higher density and as a result the elastic modulus of the material is higher [14 , 35] . However this rule is right to some extent. Thus, the freezing of too concentrated monomer mixture brings about the formation of small ice crystals and as a consequence the pore sizes is small and mutual connection of macropores is low. This phenomenon is related to the smaller amount of the frozen solvent. As a result small ice crystallytes formed have poor connection with each other. For example, previously we had observed this phenomenon for amphoteric cryogel [4] . Amphoteric cryogel composed of equimolar composition of allylamine (AA) and methacrylic acid (MAA) (50/50 mol %) obtained from 10% initial monomeric mixture possessed a very low water permeability Figure 4 compare to the cryogel containing less ionic monomers in the initial monomer mixture. Thus, for cryogels composed of AAm-AA-MAA (80/10/10 mol %) and AA-MAA 50-50 mol% the difference in water permeability was about 60 times [4] .
By adjusting the concentration and type of crosslinking agent cryogels with different pore sizes and pore wall thickness can be obtained.
Polyacrylamide cryogels (cryoPAAm) were synthesized by radical copolymerization of acrylamide (AAm) with N, N'-methylene bisacrylamide (BisAAm) in an aqueous solution. For initiation of radical copolymerization a redox system ammonium persulfate/ tetramethylethylenediamine (APS/ TEMED) was used, which generates radical ions even at low temperatures.
The critical concentration of gelation (CCG) is a concentration of monomer mixture, leading to formation of hydrogel. For instance, for preparation of polyacrylamide hydrogel at 20°C it is necessary to use 2% monomer solution composed of AAm and BisAAm. However, when the reaction mixture is frozen at -10 ºC immediately after initiating of radical polymerization it is possible to obtain a cryoPAAm using 1% of the same comonomers. The reduction of CCG in this case is an apparent decline, which is related to cryoconcentration effect. In fact the concentration of monomer in a non-frozen microphase where the polymerization is taking place is greater than that at room temperature. It is worth noting that this apparent decline of CCG is typical for all types of cryotropic gelation [5] .
Cryogels based on acrylamide have a spongy morphology, which is mainly determined by temperature regimes of cryotropic gelation. Previously, the influence of freezing temperature on the morphology of the material has been shown. Thus, the structure of cryogels from solutions with constant concentration of the monomers prepared at -10 and -20°C and frozen in different ways. The monomer mixture solution placed in a cryostat with a predetermined temperature, where the freezing front was moving from above); an initial rapid freezing of mixture in liquid nitrogen to -196°C and the following transfer of samples to the cryostat at a predetermined moderate sub zero temperature. This technique minimizes the effect of the duration of cooling and freezing process on the kinetics of chemical reactions in so-called low-temperature hardening [5] .
The formation of cryogel under this freezing regime results in decreasing of temperature from -10 to -20°C which leads to increase of the amount of porogen particles -ice crystals that significantly affects the diameter of the macropores in cryoPAAm [5] . Furthermore, the lower the temperature the more solvent is frozen, i.e. ULM volume becomes smaller, and the concentration of solutes therein becomes higher. Thus, the obtained pore walls are thinner, and built of more concentrated gel [13] . Using the technique of low-temperature hardening cryoPAAm morphology is changed. The architecture of the cryogel formed at -10°C combines the porosity of the sample obtained by above freezing regime, and the structure of macropore walls of the material obtained at -20°C using above freezing regime. This means that during thawing of the frozen solution within a few minutes from -196 to -10°C the primary elements of the gel phase structure are forming. This is an evidence of rapid polymerization under cryoconditions. Additionally, the microporosity of сryogels can be regulated by introduction of special «molecular» porogen (e.g. oligoethyleneglycol with MW 1000 [6] ), which after cryopolymerization can be washed out with excess of water. This leads to the formation of additional porosity of a certain size in the porewalls of cryogel. Another way to form an additional porosity inside of macroporous material is the use of foaming agents, which often leads to the formation of a certain amount of closed pores [27] . Porous structure of various cryogels is a complex system composed of a 3D labyrinth, which is often observed in aqueous systems due to branched forms of polycrystalline ice, creating a complex configuration macropores in the bulk of a sample. The pore size and their shape can be changed though the directed crystallization of the solution, which allows to obtain cryogels with regularly oriented macropores. For example, the directional cooling of formamide solution brings about the crystallization of the solvent with formation of elongated crystals [2] . Using formamide and directed cooling process it is possible to prepare cryoPAAm regularly oriented macropores. In this case in the obtained cryogel contains a long capillary channels oriented in the direction of the temperature gradient [2] . Thus, it is possible within certain limits, to «manage» polymer cryogel macroporosity by adjusting the solvent and mode of its crystallization.
Osmotic characteristics (swelling in different media) of cryogel cryoPAAm mainly determined by factors such as the initial concentration of precursors [4] , the nature of solvent and [17] the conditions of cryogenic treatment [5] . The total volume of liquid that absorbs сryogels consists of two components:
solvate associated solvent and capillary solvent. From one side the solvate associated solvent is firmly connected with the polymer network, from the other side the capillary solvent fills the space in the macropores and can be simply removed through the gentle squeezing of cryogel structure [2] .
The freezing and melting (thawing) process of frozen solutions of complex substances is a complicated process, which affected by various factors.
The process of freezing or thawing of the system solvent-polymer-low molecular weight additive is strongly influenced by the polydispersity of polymers. This leads to non-equivalence of phase diagrams of liquid-solid for the same pair of solvent -polymer with different molecular weights (MW) and molecular weight distribution (MWD) of high molecular weight component. Furthermore, a slow relaxation process in viscous non-frozen liquid phase in the frozen sample is strongly dependent on their thermal prehistory during freezing process.
Another problem, which makes the investigation of gelation process using a phase diagram more complicated, is self-association of polymers [9, 14, 28] . It is known that concentrated aqueous solution of polymers at low temperature have the ability to spontaneous association. Therefore, in this case the obtained the phase diagram for the same system with the same sub zero temperature can be different. In each particular case the phase diagram is dependent on the dynamics of cooling of a sample and the rate of crystallization of a solvent [12] .
Developing new simple and inexpensive methods of investigation of cryogelation process is a promissing direction for further research.
Thus, the physical and chemical properties of products of radical cryopolymerization can be widely changed through the variation of concentration and nature of monomer precursors. These scaffolds can be used as carriers for immobilization of enzymes, antibodies, protein-free biopolymers and different types of cells.
Conclusion
The cryotropic treatment of the reaction mixture does not stop the radical polymerization process. The cryogelation process is taking place in nonfrozen liquid microphase. The temperature and the regime of freezing, as well as composition of the monomer mixture determines the porosity of the material as the pore diameter, the thickness of walls, the area of internal surface. Two methods of cryogelation were discussed. The first one is the gradual cooling of the reaction mixture from room temperature to freezing point of the solvent and gradual thawing to ambient temperature. The second method is a rapid freezing of the solution in liquid nitrogen and the following gradual thawing of the sample to the temperature of crystallization of the solvent. The complete description of a porosity of cryogel structure can be performed via the determination of various parameters: pore volume (Vp), specific surface area (S), pore size distributions (PSD), pore wall thickness distribution (PWTD), then using these data and a modern software one can also calculate pore connectivity and tortuosity.
